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Introduction
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Science: Basic mechanisms 

Technology: Design, manufacture, maintenance 
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Friction is defined as the resistance to motion experienced 
whenever one solid body moves over another.

Wear is defined as surface damage or removal of material from 
one or both solid surfaces during moving contact.

One of the most effective means of controlling friction and wear is by 
proper lubrication, which provides smooth running and satisfactory life 
for machine elements. Lubricants can be solid or gaseous.
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Probably more failures are caused by tribological problems than fracture, fatigue, plastic 
deformation. 
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The Importance of Tribology

Energy Efficiency

Optimizing tribological systems can lead 

to significant energy savings by reducing 

friction and wear.

Cost Reduction

Improved tribological design can extend 

extend the lifespan of components and 

and machinery, lowering maintenance 

maintenance and replacement costs.

costs.

Sustainability

Tribology plays a crucial role in enabling 

enabling more sustainable engineering 

engineering practices by improving 

resource efficiency.

Safety and Reliability

Understanding and controlling 

tribological phenomena is essential for 

for ensuring the safe and reliable 

operation of mechanical systems.



Tribological knowledge helps to improve service life, safety, and reliability of interacting machine

components; and yields substantial economic benefits.

Most tribological phenomena are inherently complicated and interconnected, making it necessary to

understand the concepts of tribology in detail.

Integration of knowledge from multi-disciplines (solid mechanics, fluid mechanics, material science,

chemistry etc) is essential and therefore a separate subject is required.
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Definition and Scope of Tribology

1 Multidisciplinary Field

Tribology draws on principles 

from physics, chemistry, materials 

science, and engineering to 

understand and optimize surface 

interactions.

2 Wide-Ranging 
Applications

Tribology impacts a diverse range 

range of industries, from 

transportation and machinery to 

machinery to biomedical devices 

devices and energy systems.

3 Economic Importance

Effective tribological design can lead to significant cost savings by reducing 

reducing energy consumption and machine wear and tear.



Examples
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Most mechanical components have one or more moving parts. This means that something is

moving relative to something else, so there is tribology happening.

In some components, such as bearings and gears, the goal is to minimize the resistance to sliding

or rolling so that as little energy as possible is lost to friction.

In other components, such as brakes and clutches, we want maximum sliding resistance in order

to limit the relative motions.
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History
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Basic
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Surface Interactions and Contact Mechanics

Surface Topography

The roughness and texture of surfaces at the 

at the micro- and nano-scales significantly 

significantly impact tribological behavior.

behavior.

Contact Mechanics

The study of how surfaces deform and 

interact under load, which is crucial for 

understanding friction and wear phenomena.

Surface Modification

Techniques like coatings, texturing, and 

surface treatments can be used to engineer 

engineer desirable tribological properties.

properties.
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Surface and roughness
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Surface energy
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quadratic roughness
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Ra (average roughness) measures the deviation of a surface from a mean height. The
horizontal line through the profile represents the arithmetic mean height. The blue
areas represent the deviations from that line.
Ra, then, is the total blue area divided by the length of the profile.

RMS is sensitive to larger peaks and valleys, 
where Ra is not
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Interferometry' is a measurement method 
using the phenomenon of interference of 
waves (usually light, radio or sound waves). 
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Stylus profilometer
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AFM versus STM

• AFM provides high-resolution topographic images and

information on sample mechanics, making it ideal for imaging

delicate biological samples, polymers, and insulators.

• STM excels at atomic-scale electronic characterization of flat

conductive surfaces like metals, semiconductors, or graphene.
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Some of the Basic Questions
What is friction?

How is the friction force generated?

What is the coefficient of friction?

How do materials wear?

What is the effect of the applied load on friction and wear?
What is the role of lubricant?

How do you lower friction?
How should we reduce the wear rate of materials?
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Coefficient of friction(COF), the ratio of the frictional force 
resisting the motion of two surfaces in contact to the normal 
force pressing the two surfaces together.
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For homework
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Polymethyl methacrylate 
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1. Static Friction

Static friction is the friction that exists between two objects that are not moving

relative to each other. It is the force that must be overcome to set an object in

motion. Static friction is essential in many everyday activities, such as walking,

driving, and even writing. For example, when you push a book across a table, static

friction keeps the book from sliding off the table.
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2. Kinetic Friction

Kinetic friction is the friction that exists between two objects that are moving relative to each 

other. It is the force that opposes the motion of an object that is already in motion. Kinetic 

friction is present in many everyday activities, such as riding a bike or driving a car. For 

example, when you brake while driving, the kinetic friction between the brake pads and the 

wheels slows down the car. 
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Coefficient of friction(COF)
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Sliding and rolling

3. Sliding Friction
Sliding friction is the friction that exists between two objects that are sliding against 
each other. It is the force that opposes the motion of an object that is sliding. Sliding 
friction is present in many everyday activities, such as sliding a drawer. For example, 
when you slide a drawer, the sliding friction between the drawer and the frame keeps 
the drawer from falling out.
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Rolling

4. Rolling Friction

Rolling friction is the friction between a rolling object and 

the surface it is rolling on. It is the force that opposes the 

motion of an object that is rolling. Rolling friction is present 

in many everyday activities, such as riding a bike or driving a 

car. For example, when you ride a bike, the friction between 

the wheels and the road keeps the bike moving forward.
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Rolling
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Sliding and rolling
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5.

In this case, the object experiences resistance 
due to the fluid’s viscosity. This resistance is 
commonly referred to as drag in 
aerodynamics or hydrodynamics.
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Dry and wet
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Internal friction is a force that occurs within an object. It
involves the maintenance of particles forming a material that
remains in the same location in relation to one another.
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Soft materials will deform when under pressure. This 
also increased the resistance to motion.
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Adhesion and deformation
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Inclined Plane Test (Simple Method)
•Place one material on a sloped surface of the other material.
•Slowly increase angle until sliding begins.
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For homework
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For homework
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These devices continuously monitor friction force under 
controlled loads, speeds, and environments (can even simulate 
seawater immersion)
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How to Decrease Friction: Strategies & Methods
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How to Decrease Friction: Strategies & Methods
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How to Decrease Friction: Strategies & Methods
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Some of the Basic Questions
What is wear?

What is wear type?

What is the wear mechanism?

How do we measure the wear rate?

How should we reduce the wear rate of materials?

What factors would affect the wear rate?
How can wear be prevented?
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Wear is the damaging, gradual removal or deformation of material at solid surfaces.
Causes of wear can be mechanical (e.g., erosion) or chemical (e.g., corrosion).

Wear

Wear can be defined as the damage or removal of material that a solid surface has undergone
due to sliding, rolling, and impact against another solid surface.
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It is not a material property, but rather a system response.

Typically, wear is undesirable as it can lead to increased friction, and ultimately to material failure or loss
of functionality.

This phenomenon typically occurs over time and can be influenced by a range of factors including load,
relative motion, material properties, surface roughness, and the presence of lubricants or contaminants.

Thus, in order to reduce wear (and consequently friction) a thin film of lubricant is inserted between the
rubbing surfaces or other materials would be chosen with higher hardness.

Wear
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Type of wear
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Type of wear
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Type of wear
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1. Initial Contact and Asperity Interaction
2. Formation of Adhesive Junctions
3. Relative Motion and Shear Stress
4. Material Transfer or Detachment
5. Accumulation and Propagation
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Adhesive wear is particularly dominant in industrial components where metal-to-metal 
contact under load and relative motion is frequent. It is a critical concern in systems lacking 
sufficient lubrication or operating under extreme conditions (high pressure, temperature, or 
speed).
1. Hydraulic and Pneumatic Pistons/Cylinders
2. Gears (spur, helical, worm)
3. Bearings (especially plain or journal bearings)
4. Camshafts and tappets
5. Extrusion and Forming Dies
6. Compressors and Pumps (especially reciprocating types) 
7. Electrical Contacts
8. Rail/Wheel Contacts

163



Adhesive wear
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Keys in adhesive wear
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Definition of Abrasive Wear
Abrasion is the most common form (55-60%) of wear in industry. 

Abrasive wear occurs between surfaces of different relative
hardness.
Abrasive wear is caused by hard particles on the surface or within
the work material such as inclusions.
These particles act as micro cutting tools on a microscopic scale.
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Machines/ components affected by abrasive 
wear:

1-Cutting tools
2-Machine component

Piston/cylinders
Journal bearings
Gears
Cams

3-Agricultural implements
Swash plates
Slurry pumps

4-Digging tools
Augers
Scraper blades

High magnification of a punch edge shows a
characteristic pattern caused by abrasive wear.
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 Because of the motion between the punch and work material, small
microchips are cut out of the tool, which leads to a gradual loss of
tooling material.

 On a macroscopic level, this type of tool wear causes a rounding of the
punch edge, yet the punch still appears relatively smooth.

 A closer inspection shows characteristic parallel scratch marks on the
edge and along the sides of a punch where particles cut into the tool
surface during the stamping.

Abrasive wear in punch

182



Two-body systems typically 
experience from 10 to 1000 
times as much loss as three-
body systems for a given load 
and path length of wear.
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Closed mode of wear is ten times faster than open body mode

Three-body wear occurs when the particles are not constrained and are free 
to roll and slide down a surface 

Two-body wear occurs when the grits, or hard particles, are rigidly mounted or 
adhere to a surface

Types of Abrasion (environment mode)
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Abrasive Wear type
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Types of Abrasion (Stress mode)

Scratching (Low-Stress) 

Grinding (High-Stress)

Gouging (impact Stress)
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Gouging (impact Stress)

The resulting wear can be extreme when high-stress or low stress 
abrasions are accompanied by some degree of impact and weight. 

The metal surface receives prominent gouges and grooves when 
massive objects (often rock) are forced with pressure against them.
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Grinding (High-Stress)

This is more intense than simple scratching or less than gouging.
It happens when small, hard, abrasive particles are forced against a
metal surface with enough force to crush the particle in a grinding
mode. Most often the compressive force is supplied by two metal
components with the abrasive sandwiched between them.

Even with low nominal loads on the metal portion of this sandwich the
unit stresses in the abrasive, and consequently on its metallic contact
areas, may be very high.

These stresses crack or crush the abrasive grains.
The broken edges are sharp and can

score effectively
local plastic flow
surface micro-cracking
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Scratching (Low-Stress)

This is normally the least severe type of abrasion. Metal parts are worn
away through the repeated scouring action of hard, sharp particles
moving across a metal surface at varying velocities.

The abrasive may be present within the product, either as a filler or a
pigment. (glass fibers in plastics) such products suffer what is called:
”Low Stress Abrasive Wear”

Amount 
of 

abrasion

size of the 
abrasive 
particles

angle of 
contact

edge 
sharpness

velocity

Hardness
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Plowing

Cutting

Fracture

Mechanisms of abrasive wear
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Plowing

Mechanisms of abrasive wear

Plowing occurs when a material is displaced to the side, away from
the wear particles, resulting in the formation of grooves that do not 
involve direct material removal. The displaced material forms ridges
adjacent to grooves, which may be removed by subsequent
passage of abrasive particles

Displacing material to the sides of the groove formed. This process doesn't
necessarily remove material from the surface, but it can lead to significant
surface damage and deformation.
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Key Factors Influencing Plowing:
•Hardness Disparity: A significant difference in hardness between the 
abrasive particle and the surface material is crucial. The harder particle 
must be able to penetrate and displace the softer material. 
•Particle Shape: Blunt particles are more likely to induce plowing as 
they push material aside. Sharper particles tend to cut into the material, 
leading to a different wear mechanism. 
•Load: Light loads favor plowing, as the particle doesn't have enough 
force to penetrate deeply and remove material. As the load increases, 
the mechanism may transition to cutting or other more severe forms of 
wear. 
•Surface Conditions: The surface roughness and the presence of 
lubricants can influence the extent of plowing. A smoother surface and 
the presence of a lubricant can reduce friction and mitigate the severity 
of plowing.

Blunt particles may refer to a
non-sharp or rounded shape, as
opposed to sharp or needle-like
ones.
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Mitigating Plowing:
•Material Selection: Choosing materials with higher hardness and wear resistance
can help reduce the impact of plowing.

•Surface Treatments: Hardening treatments, such as case hardening or nitriding, can
increase the surface hardness and resistance to wear.

•Lubrication: Proper lubrication can reduce friction and minimize the severity of
plowing.

•Particle Control: Filtering the working environment to remove abrasive particles can
significantly reduce wear.
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Cutting

Key Factors Influencing Cutting:
•Particle Shape: Sharp-edged particles are more likely to cause cutting, as
they can easily penetrate the surface.
•Particle Hardness: The particle must be significantly harder than the
surface material to effectively cut into it.
•Load: A sufficient load is required to force the particle into the surface and
remove material.

In abrasive wear, the cutting mechanism occurs when a sharp,
hard particle penetrates the surface of a softer material,
removing material in the process. This is analogous to using a
knife to cut through a piece of bread.
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Impact of Cutting:

Material Removal: Cutting directly removes material from the surface, leading to a loss of
material and a reduction in component thickness.

Surface Roughening: The cutting process creates grooves and scratches on the surface, increasing
surface roughness and reducing the load-carrying capacity.
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Fragmentation causes localized fracture of the wear material

Wear fatigue is a type of wear that occurs due to cyclic stresses on the surface of a
material. Over time, these cyclic stresses can lead to the initiation and propagation of
cracks, eventually resulting in the removal of material from the surface.

Fracture
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Factors Affecting Wear Fatigue:

Material Properties: The mechanical properties of the material, such as 
hardness, yield strength, and fatigue strength, influence its resistance to wear 
fatigue.

Surface Finish: A smoother surface can reduce stress concentrations and delay 
crack initiation. 

Lubrication: Proper lubrication can reduce friction and wear. 

Load: Higher loads can increase the severity of cyclic stresses.

Sliding Speed: Higher sliding speeds can accelerate wear. 
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Grain pull-out is a specific type of abrasive wear mechanism that primarily
affects ceramic materials.
It occurs when a hard abrasive particle interacts with the surface of a ceramic
material, causing individual grains to detach from the surface.

Grain Detachment: If the stress concentration exceeds the 
bonding strength between the grains, the grain can detach 
from the surface.

Factors Affecting Grain Pull-Out:
Grain Size and Distribution: Smaller grain sizes generally lead to higher wear resistance, 
as smaller grains have stronger intergranular bonds.
Grain Boundary Strength: The strength of the bonds between grains significantly 
influences the resistance to grain pull-out. 
Hardness of the Abrasive Particle: Harder abrasive particles are more likely to cause 
grain pull-out.
Loading Conditions: Higher loads and sliding speeds can increase the likelihood of grain 
pull-out.
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Shiny spots on textured tool 
surfaces

Dimensional changes

Micro-chips

Scratches marking

Grooves

Lower efficiency 

Leakage

Furrows

The consequences of abrasive wear are:
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Conditions Promoting Wear

Hard particles contaminating 
oil 

Insufficient metal hardness 

Hard metal with rough 
surface against soft metal 

High temperature

corrosion
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Influencing factors:

Surface hardness

Particle size/ hardness

Particle shape

Temperature

Load

Viscosity

Moisture

207



Load effect
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Debris size effect

The particle sizes causing the most damage are those equal 
to and slightly larger than the clearance space.
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Bluntness effect
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Hardness and contact angle effect

If the surface is harder than the particle, the wear rate 
is minimal.
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Severe abrasive wear when substrate hardness is less than 0.8 abrasive 
particle hardness

Hardness effect
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Effect of temperature

The hardness of materials decreases rapidly after 0.8xTmelt

The flash temperature at micro contacts.
Localized heating of softening of ploughed material
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Effect of moisture:

chemical reaction between moisture and substrate
chemical reaction between moisture and lubricant
corrosive property of the moisture
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Fatigue Wear

Fatigue wear is a type of wear in which the surface damage of the material takes place due to
strain induced on the surface for a particular number of cycles to a certain critical limit.

The wear occurring due to surface fatigue is termed fatigue wear. Surface fatigue is caused due to
the repeated stressing—and unstressing of the contacts. Cracks develop due to the accumulation
of irreversible changes.
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Fatigue Wear
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Fatigue wear steps
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Delamination Wear
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Corrosive wear

Corrosive wear is defined as “a wear process in which chemical or electrochemical reaction with the
environment predominates” (OECD, 1969).
In many cases, the mechanochemical mechanism combines chemical reaction and mechanical
action enhances the corrosive wear.

Corrosive Wear also known as oxidation or chemical wear, this type of wear is caused by chemical and
electrochemical reactions between the surface and the environment. The fine corrosive products on the
surface constitute the wear particles in corrosive wear.
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Corrosive wear
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Fretting wear is a type of fatigue wear caused by cycling sliding or
oscillating with small amplitude of two surfaces across each other due to
production of friction force alternating compression–tension stresses.

Fretting wear is a specific type of wear that occurs at the contact surfaces of two
materials subjected to small, repetitive relative motion. This phenomenon typically
arises under conditions of oscillatory motion, such as vibrations or micro-sliding,
where the displacement amplitude is often very small (typically in the micrometer
range).
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Unlike many other engineering properties, wear resistance does not have well
standardized tests for its measurement.

The main reason for this is the complexity of wear, which tends to make the
tests highly specific and make translation of wear test data into valid
predictions of service performance very uncertain

Abrasion Test according to 

wear resistance measurement 

ASTM G65 (Dry Sand) test

ASTM D1044, D3389, D4060 (Taber Abrasion: plastic's resistance to abrasion)

ISO 9352 

ASTM D 968-93 (inorganic material)
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The volume loss gives a truer picture than weight loss, particularly
when comparing the wear resistance properties of materials with
large differences in density.

The abrasive wear theory expresses the total volume of wear
particles generated V, per unit of sliding length L

wear resistance measurement 

Weight loss

Volume loss

Particle Volume
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Depending on the material being examined, different wear test 
configurations can be used.

Taber Abrasion 

Abrasive Wear Test

234



235



236



237



1. Pin-on-Disk Test (ASTM G99)
•How it works: A metal sample (disk) is rotated under a stationary pin (often harder than the 
test material) with a controlled force.
•What it measures: Volume or mass loss of the sample over a set distance/time.
•Applications: General wear testing for sliding contact.

Measuring the wear resistance of a metal 
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Ball-on-Flat or Ball-on-Disc Test
•Similar to pin-on-disk, but uses a ball-shaped counterface.
•Measures friction coefficient and wear track volume via 
profilometry or microscopy.

Measuring the wear resistance of a metal 
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2. Taber Abrasion Test (ASTM D1044)
•How it works: A rotating abrasive wheel is applied to a flat 
metal surface.
•What it measures: Weight loss after a number of cycles.
•Applications: Often used for coatings and thin metal sheets.

Measuring the wear resistance of a metal 
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Measuring the wear resistance of a metal 

4. Block-on-Ring Test (ASTM G77)
•How it works: A metal block is pressed against a rotating ring.
•What it measures: Friction force, temperature rise, and volume loss.
•Applications: Automotive and gear materials.
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Measuring the wear resistance of a metal 

5. Erosion or Impact Wear Tests
•How it works: Particles or liquids strike the metal surface repeatedly.
•What it measures: Mass loss or surface degradation.
•Applications: Turbines, pumps, and aerospace parts.
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Measuring the wear resistance of a metal 

6. Scratch Test (Nano or Micro Scale)
•How it works: A hard stylus is dragged across the metal under increasing load.
•What it measures: Critical load at which failure or plastic deformation starts.
•Applications: Thin films, coatings, precision components.
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SEM images of worn metallic surface
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Wear Prevention

• Common approaches to minimizing wear are:
-Lubricants (Use oil free of abrasive particles, Use more viscous oil, frequent
oil changes )
-Recognizing the type of wear
-Making changes in the operation
-Making changes in the design (Wear resistance materials, Surface-hardening 
treatments). 

• Surface-hardening treatments for reducing wear include:
- case carburizing commonly used in engine crankshafts,
- ion implantation used in surgical instruments
- hard-faced ceramic coatings used in turbine blades and fiber guides in the 
textile industry .
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1- Austenite manganese steel
2- Hardened and tempered alloy steel
3- Abrasion resistant cast-iron
4- High chromium steel
5- Based (nickel ,iron or cobalt alloyed) matrix containing tungsten or titanium 
carbides particles. 

Using such a combination, both high degrees of hardness and toughness can 
be obtained.

Wear resistance materials
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Wear resistance of ferrous alloys

Requirement: combination of hardness and toughness
Usually, austenite and bainite phase are better than martensite, by fatigue 
mechanism
Low alloy steels:
Hypo-eutectoid: Bainite > Tempered martensite > ferrite/pearlite
Hyper-eutectoid: Annealed with presence of carbides is best
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These coatings are traditionally applied using a variety of methods such as:

weld overlays (MIG, plasma transfer arc, laser-cladding)

thermal spray processes (high velocity oxygen fuel, plasma spray) 

Brazing

Coatings methods
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Typical Low Stress 
Abrasive Wear Rankings

Typical high Stress 
Abrasive Wear Rankings
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The Function of Lubricants

Protection

Creates a barrier between surfaces to prevent direct contact.

Heat Dissipation

Helps transfer heat away from critical components.

Cleaning

Carries away debris and contaminants from moving parts.



micrometer
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Types of Lubricants:
Liquid Lubricants: These are the most common type, including oils and
greases.
Solid Lubricants: Materials like graphite, molybdenum disulfide, and PTFE
can provide lubrication in extreme conditions or where liquid lubricants are
not suitable.
Gas Lubricants: Gases like air or nitrogen can be used as lubricants in
specific applications, such as high-speed bearings
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Fluid Film Lubrication:
When a sufficient amount of lubricant is present, it
forms a film between two moving surfaces, separating
them and significantly reducing friction. This is
common in well-lubricated engines and bearings.

Boundary Lubrication:
In situations with high loads or low lubricant
supply, the lubricant molecules adhere to the
surfaces, forming a thin layer that prevents direct
metal-to-metal contact. This reduces friction, but 
it's not as effective as fluid film lubrication.



Mixed Lubrication: 
This is a combination of fluid film and boundary lubrication, 
where both mechanisms contribute to friction reduction. It 
occurs in many real-world applications.



Lubricants and Lubrication 
Regimes

Hydrodynamic

Surfaces are fully separated by a thick 

lubricant film, minimizing direct contact 

and friction.

Boundary

Surfaces are in direct contact, with a thin 

thin lubricant film providing only partial 

partial separation.

Mixed

A combination of hydrodynamic and 

and boundary lubrication, with some 

some direct surface contact.

Solid Lubrication

The use of solid materials, such as 

graphite or PTFE, to reduce friction and 

and wear.



Lubrication Regimes

1 Boundary Lubrication

Thin film separates surfaces, high friction and wear.

2 Mixed Lubrication

Partial separation, moderate friction and wear.

3 Hydrodynamic Lubrication

Complete separation by fluid film, low friction and wear.
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The selection of a lubricant depends on various factors, including:
•The type of motion (linear, rotary, etc.) 
•The load on the surfaces 
•The operating temperature 
•The environment (presence of contaminants, moisture, etc.) 
•The desired performance characteristics (low friction, high load-carrying capacity, corrosion 
resistance, etc.)
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Lubricant Maintenance and 
Optimization

1
Regular Testing

Analyze lubricant samples to monitor 
condition and contamination levels.

2
Filtration

Implement proper filtration systems to 
remove contaminants and extend 

lubricant life.

3
Scheduled Changes

Replace lubricants at recommended 
intervals to maintain optimal 

performance.

4
Continuous Monitoring

Use sensors and analytics to track 
lubricant performance in real-time.
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